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Discovery of G protein coupled receptors for long chain free fatty acids (FFAs), FFA1
(GPR40) and GPR120, has expanded our understanding of these nutrients as signaling
molecules. These receptors have emerged as important sensors for FFA levels in the
circulation or the gut lumen, based on evidence from in vitro and rodent models, and
an increasing number of human studies. Here we consider their promise as therapeutic
targets for metabolic disease, including type 2 diabetes and obesity. FFA1 directly medi-
ates acute FFA-induced glucose-stimulated insulin secretion in pancreatic beta-cells, while
GPR120 and FFA1 trigger release of incretins from intestinal endocrine cells, and so indi-
rectly enhance insulin secretion and promote satiety. GPR120 signaling in adipocytes and
macrophages also results in insulin sensitizing and beneﬁcial anti-inﬂammatory effects.
Drug discovery has focused on agonists to replicate acute beneﬁts of FFA receptor signal-
ing, with promising early results for FFA1 agonists in man. Controversy surrounding chronic
effects of FFA1 on beta-cells illustrates that long term beneﬁts of antagonists also need
exploring. It has proved challenging to generate highly selective potent ligands for FFA1 or
GPR120 subtypes, given that both receptors have hydrophobic orthosteric binding sites,
which are not completely deﬁned and have modest ligand afﬁnity. Structure activity rela-
tionships are also reliant on functional read outs, in the absence of robust binding assays
to provide direct afﬁnity estimates. Nevertheless synthetic ligands have already helped
dissect speciﬁc contributions of FFA1 and GPR120 signaling from the many possible cel-
lular effects of FFAs. Approaches including use of ﬂuorescent ligand binding assays, and
targeting allosteric receptor sites, may improve further pre-clinical ligand development at
these receptors, to exploit their unique potential to target multiple facets of diabetes.
Keywords: G protein coupled receptor, free fatty acid, GPR40, GPR120, FFA1, type 2 diabetes, pancreas, adipocytes
INTRODUCTION
Free fatty acids (FFAs) have traditionally been viewed as nutri-
ents and metabolic substrates (Yaney and Corkey,2003). However
there is emerging evidence for direct signaling pathways activated
by FFAs with key roles in physiology and pathology, particu-
larly with respect to metabolic diseases such as type 2 diabetes.
In common with many other lipid mediators, long chain FFAs
are also ligands for the transcription factor family of peroxisome
proliferator-activatedreceptors(PPARs),whichforexampleregu-
late expression of genes involved in lipid metabolism (Varga et al.,
2011). Within the last decade, deorphanization of several FFA
binding G protein coupled receptors (GPCRs) has enhanced the
spectrum of short and long term signaling pathways activated by
these molecules (Stoddart et al., 2008; Hudson et al., 2011; Taluk-
dar et al., 2011). As the largest family of cell surface receptors in
man,GPCRs have proved tractable drug targets in the past (Over-
ington et al.,2006). However it is perhaps less recognized that this
clinical exploitation is currently restricted to around 5% of the
known receptor proteins. The FFA GPCRs provide good illustra-
tiveexamplesof receptorswhosetherapeutictargetingmightyield
real beneﬁts for patients, but for which there are also obstacles
to characterizing their pre-clinical pharmacology and develop-
ing selective high afﬁnity synthetic ligands and translating these
ﬁndings through to the clinic. Chieﬂy these reside around the
lipophilicity of both the ligands and receptor binding sites, and
also understanding the complex interplay between the pleiotropic
effects of FFAs – encompassing inﬂuences on cell membrane
composition, metabolism, and actions on various receptors.
Here we illustrate these challenges by focusing on two GPCRs
responsive to saturated and unsaturated FFAs with long (C12–
C22) aliphatic chains (Figure 1). FFA1 (also known as GPR40)
is a receptor which is related in amino sequence to medium and
short chain FFA GPCRs FFA2 and FFA3 (Briscoe et al., 2003; Itoh
et al., 2003; Stoddart et al., 2008; Hudson et al., 2011). GPR120 is
a distant phylogenetic relative of FFA1 (Fredriksson et al., 2003;
Ichimura et al., 2009), but interestingly has co-evolved a simi-
lar speciﬁcity for endogenous FFA ligands (Hirasawa et al., 2005;
Talukdaretal.,2011).Wereviewhowthedistributionandfunction
of these receptors highlights them as novel targets,particularly for
treatmentoftype2diabetesinwhichprevalenceworldwideissetto
escalateto366millionby2030(Wildetal.,2004;RennieandJebb,
2005; Ogden et al., 2006). With some caveats, signiﬁcant progress
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FIGURE 1 |Amino acid sequences for human long chain FFA GPCRs.
Diagrams represent FFA1 (A), GenBank NM_005303) and the short isoform
of GPR120S [(B), BC101175] with the position of the 16 amino acid insert in
GPR120L (NM_181745) indicated in the inset. Putative glycosylation sites
are indicated on the extracellular Asn residues by white on black, while the
conserved disulﬁde bridge from extracellular loop 2, and two unproven
palmitoylation sites in GPR120, are also indicated by black on gray Cys
residues. Basic Arg residues (white on red) have been implicated in
recognizing the carboxylate anions of FFA and other agonists (Sum et al.,
2007; Suzuki et al., 2008). A number of other residues have been identiﬁed
as important for GW9508 binding to FFA1, some of which are indicated
here (black on blue; Sum et al., 2007); however the speciﬁcity with which
these mutations alter GW9508 binding, compared to more general effects
on FFA1 activation has since been questioned (Smith et al., 2009).
has been made in elucidating the signaling roles of these recep-
tors in pancreatic β-cells, adipocytes, intestinal enteroendocrine
cells, and elsewhere. In part this has been achieved by successful
development of synthetic agonists and antagonists, and there are
further opportunities for improved ligand development at these
receptors in the future.
LONG CHAIN FFA GPCRs AS THERAPEUTIC TARGETS
F F A 1–AF F ASENSING RECEPTOR IN THE PANCREATIC β-CELL
FFA1 was the ﬁrst long FFA receptor cloned and described in
2003, as a predominantly Gq/11 coupled receptor which responds
to both saturated (e.g., palmitic acid, C16:0), mono-unsaturated
(e.g., oleic acid, C18:1) and poly unsaturated long chain FFAs
(e.g., docosahexaenoic acid, DHA), C22:6; Briscoe et al., 2003;
Itoh et al., 2003; Kotarsky et al., 2003). It is also the FFA receptor
for which the widest range of synthetic ligands are now available
(Table 1; Figure 2), including both agonists (such as GW9508)
and antagonists (e.g., GW1100, pKb 6.0; Briscoe et al., 2006; Gar-
rido et al., 2006; Pﬁzer compound 15i; Humphries et al., 2009).
In part the screening for novel FFA1 compounds was aided by
the early discovery that certain thiazolidinedione (TZD) PPARγ
ligands, such as rosiglitazone, were also agonists at FFA GPCRs
(Kotarsky et al.,2003; Tan et al.,2008; Smith et al.,2009). Some of
the novel FFA1 agonists (e.g., Tan et al., 2008; Zhou et al., 2010)
are thus structurally based on the TZD backbone, while others
arose from conformational restriction of the aliphatic FFA car-
bon backbone (e.g.,Christiansen et al.,2008). Recent studies have
also explored ways to improve the pharmacokinetic properties of
bothFFA1agonist(Christiansenetal.,2011)andantagonistseries
(Humphries et al.,2009).
The predominant (though not exclusive) expression of FFA1
is in the pancreas and in particular β-cells (Briscoe et al., 2003;
Itoh et al., 2003; Tomita et al., 2005, 2006). Several investiga-
tions have conﬁrmed that FFA1 plays a crucial role in the short
term stimulation of insulin secretion from the β-cell, including
pharmacological, genetic knockout, or RNA interference knock-
down approaches (Itoh et al., 2003; Steneberg et al., 2005; Briscoe
et al., 2006; Latour et al., 2007; Tan et al., 2008; Alquier et al.,
2009; Wu et al., 2010). Thus development of FFA1 agonists might
be expected to be beneﬁcial in type 2 diabetes treatment. How-
ever this contrasts with the well known relationship between long
term circulating FFA levels and β-cell dysfunction (Yaney and
Corkey, 2003). Elevated plasma FFA are common in type 2 dia-
betes and are linked with the onset of peripheral and hepatic
insulin resistance and are also suggested to represent a critical
linkbetweeninsulinresistanceand β-celldysfunction(Boden and
Shulman, 2002). The contribution of FFA1 to such chronic dele-
terious effects of long chain FFAs has largely been addressed by
knockout and transgenic animal models, and has proved some-
what controversial. Using FFA1 knockout mice, Steneberg et al.
(2005) demonstrated the importance of FFA1 for acute insulin
secretion, but also showed that the absence of FFA1 protected
mice on a high fat diet (HFD) from a number of characteristics
associatedwithtype2diabeticphenotype,suchasobesity-induced
hyperinsulinemia, glucose intolerance, and hypertriglyceridemia.
Conversely islet cell speciﬁc transgene expression of FFA1 led to a
numberofindicatorsof β-celldysfunction(Stenebergetal.,2005).
Recent in vivo data using a small molecule antagonist DC260126
at least in part supports these observations, and makes the case
for FFA1 antagonists, rather than agonists, as clinically relevant
ligands for type 2 diabetes treatment (Hu et al.,2009; Zhang et al.,
2010). However,other studies on FFA1 knockout mice have failed
to replicate the original ﬁndings,suggesting that these animals are
as susceptible as wild type littermates to the adverse consequences
of a HFD (Latour et al.,2007; Kebede et al.,2008; Lan et al.,2008;
Tan et al., 2008). Indeed one investigation reported a beneﬁcial
result of transgenic FFA1 overexpression in improved glucose tol-
erance (Nagasumi et al.,2009). Some of the discrepancies in these
results may be down to the precise experimental conditions used,
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Table 1 | Summary of long chain FFA GPCR agonist pharmacology.
Agonist FFA1 pEC50 GPR120 pEC50 Selectivity and comments Reference
EXAMPLE FFAs
Palmitic acid (C16:0) 5.2–5.3 4.3 Several actions as nutrients and signaling molecules.
Potency observed highly dependent on assay
constituents (e.g., BSA)
Briscoe et al. (2003), Itoh
et al. (2003), Hirasawa
et al. (2005)
Oleic acid (C18:1) 4.4–5.7 4.5
DHA (C22:6) 5.4–6.0 5.4
PPARγ AGONISTS
Rosiglitazone 5.0–5.6a N.D. GPR40 activity shared by relatedTZDs such as
troglitazone, ciglitazone, and pioglitazone. Low
potency GPR120 agonism for rosiglitazone (at
100 μM; Watson et al., unpublished)
Kotarsky et al. (2003),
Hara et al. (2009a), Smith
et al. (2009)
FFAR1AGONISTS
MEDICA16 5.5–5.9a <5.0 Kotarsky et al. (2003),
Hara et al. (2009b)
GW9508 6.6–7 .3 5.5 GPR40 activity 100-fold selective over a panel of 360
other targets. pEC50 values for PPARα, δ, and γ were
4.0, 4.0, and 4.9 respectively
Briscoe et al. (2006),
Smith et al. (2009), Sum
et al. (2007)
Cpd B 7 .1 N.D. Lead compound of series inactive at PPARs
(<10 μM). GPR40 knockout abolished effects of Cpd
B and C on insulin secretion in vivo
Tan et al. (2008), Zhou
et al. (2010) Cpd C 6.8
TUG424 7 .5b N.D. No activity at FFA2 and FFA3 reported (TUG424).
Cpd 37 has 100-fold selectivity for FFA1 over FFA2,
FFA3, and PPARs, with improved pharmacokinetic
properties owing to reduced lipophilicity
Christiansen et al. (2008),
Christiansen et al. (2011) Cpd 37 7 .1b
TAK-875 7 .1c N.D. Sasaki et al. (2011), Tsuji-
hata et al. (2011)
GPR120AGONISTS
Grifolic acid N.D. N.D. Weak GPR120 partial agonist without GPR40 activity
(at 100μM)
Hara et al. (2009b)
NCG21 (Cpd 12) 4.7 5.9 Lacks PPARα, γ, δ agonist activity (at 100μM) Suzuki et al. (2008), Sun
et al. (2010)
Isoindolin-1-one series (Cpd 2) N.D. 6.7 Banyu patent Arakawa et al. (2010)
Phenyl-isoxazol-3-ol series (Cpd 15) N.D. 7 .2 Banyu patent Hashimoto et al. (2010)
Metabolex (Cpd 36) N.D. >6.0 Cpd 36 (100mg/kg) reduced glucose excursion by
45% after an oral glucose tolerance test in lean
C57Bl/6J mice
Ma et al. (2010)
Agonist pEC50 values quoted were obtained from ﬂuorescent indicator measurements of Ca
2+ mobilization, except
aSmith et al. (2009) comparedTZD agonism for
FFA1 ERK activation, while Kotarsky et al. (2003) measured FFA1 Ca
2+ signaling using an aequorin reporter gene;
bmeasurement of insulin secretion/DMR assay;
cmeasurement of inositol phosphate accumulation. N.D. – not determined; pEC50 values have not been published.
but they are also indicative of the complex multiple mechanisms,
even at the cellular level, which generate FFA responses. Given
our current understanding of FFA1 signaling, in which many dif-
ferent FFAs appear equi-effective agonists (Briscoe et al., 2003;
Itoh et al., 2003), it is unlikely that this receptor can be solely
responsible for long term mechanisms which differ substantially
between pro-apoptotic effects of saturated FFAs and protective
actions of unsaturated FFAs (Dhayal et al., 2008). Moreover con-
stitutiveknockoutandtransgenicmousestudiescannotreportthe
effects of FFA1 in complete isolation from other FFA metabolic
and nuclear receptor signaling cascades. For example, cross talk
between FFA1 and other receptor pathways is clearly evident from
the changes in PPAR and lipid handling gene transcription result-
ing from FFA1 overexpression (Steneberg et al., 2005). Knockout
studies also involve wider loss of FFA1 from other tissues, where
its physiological functions are currently less clear – for example in
glucagonproducingpancreaticcells(Flodgrenetal.,2007),intesti-
nal enteroendocrine cells (Edfalk et al.,2008),taste buds (Cartoni
et al., 2010), and neurons (Briscoe et al., 2003; Ma et al., 2007;
see GPR120 agonists–am u l t ip r o n g e dattack on type 2 diabetes?
below).
The vast majority of FFA1 studies have used in vitro or in vivo
animal models, but its expression and function in human iso-
lated islets suggests applicability of these ﬁndings to man (Tomita
et al., 2005, 2006; Vettor et al., 2008). There are also interesting
linksbetweentheprevalenceof FFA1codingpolymorphismswith
insulin secretory capacity in a male cohort (R211H; Ogawa et al.,
2005), or with obese individuals at risk from diabetes (G180S;
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FIGURE 2 | Chemical structures of example FFA GPCR agonists (A) and
three reported FFA1 antagonists (B). Information on agonist pharmacology,
with references, is provided inTable 1.The structure of Metabolex example
36 is reproduced from the relevant GPR120 agonist patent (Ma et al., 2010)
and two Banyu compounds are shown from isoindolin-1-one derivatives
a (cpd
2; Arakawa et al., 2010) and the phenyl-isoxazol-3-ol series
b (cpd 15;
Hashimoto et al., 2010). Both GW1100 (Briscoe et al., 2006), Pﬁzer compound
15i (Humphries et al., 2009), and DC260126 (Hu et al., 2009) inhibited agonist
stimulated FFA1 receptor calcium responses in transfected cells with
respective pIC50 values of 6.0, 7 .7 , and 6.0.
Vettor et al., 2008). However thus far there is little published
information on GPR40 ligands from clinical trials. Pre-clinically
a number of pharmaceutical companies have reported effective
compoundsinvariousmodelsof T2DM(Negoroetal.,2010;Her-
lingetal.,2011;Jagannathetal.,2011;Sasakietal.,2011;Tsujihata
et al., 2011). Clinically the most advanced GPR40 agonists are
developed by Takeda. Initial PK data in healthy volunteers on the
Takeda pharmaceuticals agonist TAK-875 demonstrated good tol-
erability and pharmacokinetic properties suitable for a once-daily
regimen (Naik et al.,2011). Excitingly recent data presented at the
American Diabetes Association conference demonstrated a dose-
dependentdecreaseinHbA1cinpatientstreatedwithTAK-875for
12weeks with an efﬁcacy similar to glimepiride but a signiﬁcantly
reduced incidence of hypoglycemia (Viswanathan et al., 2011).
Therefore whilst a requirement for antagonists to block the pan-
creaticeffectsofchronicallyelevatedFFAsstillremainsanuntested
hypothesis, there is mounting evidence that an FFA1 agonist will
produce signiﬁcant beneﬁts to type 2 diabetes patients.
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GPR120 AGONISTS – A MULTI PRONGED ATTACK ON TYPE 2 DIABETES?
The second long chain FFA receptor, GPR120, demonstrates a
similar ligand speciﬁcity to FFA1 in its activation by C12–C22
saturated and unsaturated FFAs (Hirasawa et al., 2005) – though
ω3 polyunsaturated FFAs, such as DHA, have often been the
focus as endogenous ligands (Oh et al., 2010; Talukdar et al.,
2011). GPR120 is activated by some synthetic agonists (Table 1;
Figure 2) designed for PPAR or FFA1 receptors, but with lower
potency, such as GW9508 (Briscoe et al., 2006) or MEDICA16
(Kotarsky et al., 2003; Hara et al., 2009b). GW1100 is relatively
selective as an antagonist for FFA1 over GPR120 (Briscoe et al.,
2006). Conversely members of the compound series from a TZD
derivative reported by Suzuki et al. (2008) are ∼10-fold more
potent at GPR120 than FFA1 and display little PPAR activity (e.g.,
NCG21; Table 1); other compounds from the same group have
y e tt ob ef u l l yc h a r a c t e r i z e d( Sun et al., 2010). Grifolic acid has
also been suggested as a low potency, and relatively low efﬁcacy,
GPR120 partial agonist (Hara et al.,2009b). Finally,the structures
of additional GPR120 agonists, without a full description of their
pharmacology, have entered the public domain through patent
applications (Arakawa et al., 2010; Hashimoto et al., 2010; Ma
etal.,2010;Figure2;Table 1).Interestinglybothcompoundseries
revealedintheBanyupatentsindicatethatacarboxylicacidgroup
is dispensable for generating GPR120 agonists with sub micro-
molar potency (Table 1; Arakawa et al., 2010; Hashimoto et al.,
2010).
Like FFA1, GPR120 appears mainly coupled to Gq/11 pro-
teins leading to intracellular Ca2+ mobilization, and also stim-
ulates protein kinases such as extracellular signal related kinase
(ERK) and Akt (Hirasawa et al., 2005; Katsuma et al., 2005; Oh
et al., 2010). However GPR120 is also phosphorylated after ago-
nist stimulation, and recruits β-arrestin adaptors responsible for
desensitization, internalization, and G protein independent sig-
naling pathways (Hirasawa et al., 2005; Burns and Moniri, 2010;
Oh et al., 2010). A further complication, compared to FFA1, is
that human GPR120 has two splice variants which differ in their
coding regions (Fredriksson et al., 2003) – the “short” isoform
(GPR120S; GenBank accession number BC101175) contains 361
residues, whilst the“long”isoform (GPR120L; NM_181745) con-
tains16additionalaminoacidresiduesbetweenpositions231and
247 in intracellular loop 3 (ICL3; Figure 1). Early studies cloned
and examined the pharmacology of GPR120L (Hirasawa et al.,
2005; Briscoe et al., 2006), but more recent investigations sug-
gest that the short isoform homolog may predominate in other
primate and rodent species (Tanaka et al., 2008b; Moore et al.,
2009). Data from our laboratories (Watson et al., in preparation)
suggest clear differences in the intracellular signaling proper-
ties of the two isoforms, with human GPR120L impaired in G
protein dependent but not arrestin dependent signaling. Thus
it will be important in future to conﬁrm the GPR120 splice
variant involved in the cell type speciﬁc responses described
below.
In common with FFA1, GPR120 is an anti-diabetic drug tar-
get but the focus has been on its indirect effects – on insulin
secretion and insulin resistance – through its expression in
enteroendocrine cells, adipocytes, and immune cells (Miyauchi
etal.,2009;Talukdar et al.,2011).GPR120islocalizedtointestinal
enteroendocrine cells, such as colonic L cells, and its stimulation
releasesincretinhormonessuchasglucagonlikepeptide1(GLP1)
and cholecystokinin (CCK) into the circulation (Hirasawa et al.,
2005; Tanaka et al.,2008a). These peptides have beneﬁcial actions
in stimulating insulin secretion, and in the context of obesity
related diabetes, they also promote satiety. From a drug discov-
ery point of view, targeting colonic endocrine cells with GPR120
agonist may have practical advantages, in that the receptors in
these cells sense luminal, rather than circulating FFAs. Thus the-
oretically, orally administered GPR120 drugs would not require
absorptionintothesystemiccirculationforthistherapeuticaction
although this does depend on the luminal/apical distribution of
the receptors.
Although incretin hormone secretion was originally described
as a GPR120 speciﬁc effect (Hirasawa et al., 2005), it is clear that
FFA1 is also co-expressed in several types of insulin endocrine cell
andcanexertsimilaractionsinvitroandinvivo(Edfalketal.,2008;
Liou et al., 2011). RT-PCR studies have identiﬁed both GPR120
and FFA1 mRNAs in intestinal endocrine cell lines such as STC-1
(Hirasawa et al., 2005). While not demonstrating co-localization
of the receptors at the single cell level,this complicates the assign-
ment of a particular effect to one FFA receptor in the absence of
highly selective tool compounds. Notably the majority of studies
that have indicated the signiﬁcance of FFA1 in β-cells,or GPR120
in colonic L cells, do so by genetic or knockdown approaches
which manipulate receptor expression – in general such evidence
suggests the target receptor is necessary,rather than sufﬁcient,for
a particular response. This evidence leaves open the possibility
that both receptors act in concert to produce their physiological
effects in these cell types, through signaling cross talk or perhaps
closer association as a GPCR heterodimer (Pin et al., 2007). FFA1
and GPR120 are also both detected by RT-PCR in taste buds, and
may act thus act as “preference” sensors for dietary FFAs (Mat-
sumura et al., 2009; Cartoni et al., 2010). Though yet to be fully
tested, this raises a possibility of anti-obesity drugs which tar-
get such chemosensors to modulate appetite for fat containing
diets (Dramane et al., 2011). This is of course an area that could
be further exploited by the food industry and if this hypothe-
sis is proved correct one could envisage a future application for
FFA receptor ligands as a satiety factor in food with limited fat
content.
More recently independent roles for GPR120, not shared by
FFA1, have been proposed due to its expression in differentiated
adipocytes and macrophages (Gotoh et al., 2007; Oh et al., 2010).
In adipocytes, GPR120 activation increased glucose uptake and
adipogenesis,forexampleinresponsetocirculatingω3polyunsat-
urated fatty acids, and GPR120 signaling in macrophages exerted
anti-inﬂammatory actions (Gotoh et al., 2007; Oh et al., 2010;
Talukdar et al., 2011). Similar in vivo dual effects of ω3 FFAs, act-
ingviaGPR120,wereconﬁrmedthroughcomparisonof wildtype
and GPR120 knockout mice (Oh et al.,2010). Thus as novel treat-
ments for type 2 diabetes, GPR120 agonists might be unique in
improving insulin sensitivity while also reducing the “metabolic”
inﬂammation implicated in the disease pathogenesis (Talukdar
et al.,2011). Oh et al. (2010) also revealed that GPR120 responses
in adipocytes and macrophages relied on distinct cell signaling
mechanisms. In adipocytes, its enhancement of glucose uptake
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was wholly dependent on Gq/11 protein activation, while its anti-
inﬂammatory effect required β-arrestin adaptor proteins. This
requirement for different GPR120 signaling cascades raises inter-
esting questions about whether such pathways can be activated
selectively by agonist-GPR120 complexes in different cell types –
throughselectiveexpressionofdifferentreceptorsplicevariants,or
therapeutically, through the use of functionally “biased” GPR120
ligands (Rajagopal et al.,2010).
Our knowledge of GPR120 pharmacology, and availability of
tool compounds to dissect it, is thus less advanced compared
to FFA1, particularly given the lack of reported antagonists for
GPR120. However the expression pattern and known functions
of this receptor suggest that GPR120 agonists may have distinct
synergistic actions in different tissues that offer a multi faceted
approach to mitigate the causes and symptoms of type 2 diabetes.
Indeed it can be argued that such agonists are already marketed as
nutritional supplements. For example the case has been made for
orally administered ﬁsh oil poly unsaturated fatty acids (PUFAs),
such as DHA, acting physiologically at GPR120 (Oh et al., 2010;
Talukdar et al., 2011). Other beneﬁcial dietary FFAs, such as con-
jugated linoleic acid, are also FFA GPCR agonists (Schmidt et al.,
2011). Given the apparent lack of selectivity of FFA GPCRs for
a range of “good” and “bad” long chain FFAs, it will be neces-
sary to test the extent to which the speciﬁc beneﬁts of PUFAs
derive from binding FFA1 or GPR120 receptors. As an alterna-
tive, the possibility of targeting GPR120 with synthetic ligands is
now supported by emerging data from patents ﬁled by Banyu and
Metabolex (Arakawa et al.,2010;Hashimoto et al.,2010;Ma et al.,
2010). These companies have described potent small molecule
GPR120 agonists (Table 1; Figure 2) with good oral bioavail-
ability, which increased glucose-stimulated insulin secretion in
mouse models representing both lean and disease model states
(Hashimoto et al., 2010; Ma et al., 2010). A more thorough char-
acterization of GPR120 function elsewhere – in taste buds, lung
tissue (Miyauchi et al., 2009), and bone osteoblasts and osteo-
clasts (Cornish et al., 2008) – may also lead to new therapeutic
avenues, together with an increased awareness of potential side
effects.
EXPERIMENTAL CHALLENGES IN UNDERSTANDING LONG
CHAIN FFA RECEPTOR PHARMACOLOGY
PLEIOTROPIC ACTIONS OF FFAs
As illustrated in the previous sections, one of the key controls for
FFA1orGPR120investigationsistodemonstratethattheresponse
is speciﬁc for that receptor. There is potential for the involve-
ment of additional FFA GPCRs, other fatty acid binding proteins
and PPAR nuclear receptors, and effects as metabolism substrates
(Yaney and Corkey, 2003; Hudson et al., 2011; Varga et al., 2011).
As their rapid metabolism by β-oxidation indicates, the lifespan
of endogenous FFA ligands during incubations is relatively short,
and their metabolites may have their own independent actions. In
additionchronicchangesinthequalityandquantityofFFAsinthe
plasma lead to changes plasma membrane composition and ﬂuid-
ity. This has the capacity to inﬂuence several membrane signaling
pathways indirectly (Calder, 2008; Gawrisch et al., 2008), includ-
ing those of other GPCRs such as the ghrelin receptor (Delhanty
et al.,2010). Polyunsaturated FFAs in particular (e.g.,arachidonic
acid, DHA) are themselves converted into new signaling media-
tors such as the prostaglandins and the resolvins, with their own
receptors (Serhan et al.,2011).
The increased pharmacological toolbox of synthetic ligands,
which lack some of the endogenous FFA effects, can now help in
isolating FFA GPCR actions. Limited speciﬁcity (e.g., GW9508
for FFA1 versus GPR120), relatively low afﬁnity, and possible
unknown pharmacological actions (e.g., at PPARs; Table 1)o f
thesecompoundsmuststillbeborneinmindwhenassessingtheir
effects. Isolating responses mediated by FFA GPCRs might also
be aided by consideration that rapid signaling events are expected
from these cell surface receptors (e.g.,intracellular calcium mobi-
lization), though fast non-genomic actions of PPARs have also
beenreported,priortorealrecognitionof thepossibleexistenceof
FFAGPCRs(Gardneretal.,2005).Inrecombinantcelllines,clean
systems for assessing FFA receptor pharmacology can be demon-
strated by comparison with non-transfected cells, or by receptor
expression through an inducible promoter system such as that
controlled by the tetracycline repressor protein (Stoddart et al.,
2007; Smith et al., 2009). In endogenously expressing cell lines or
primary cells siRNA or shRNA transfection can perform a similar
function, with careful controls to demonstrate the speciﬁcity and
magnitude of the receptor knockdown achieved (Itoh et al.,2003;
Hirasawaetal.,2005;Tanakaetal.,2008a;Wuetal.,2010).Infuture
the delineation of FFA1 and GPR120 effects in vivo using receptor
knockoutmice(Katsumaetal.,2005;Stenebergetal.,2005;Latour
et al., 2007; Lan et al., 2008; Oh et al., 2010), might be improved
by conditional or tissue-speciﬁc gene deletions – for example to
avoid developmental compensation through alternative signaling
pathways.
LIPOPHILICITY AND ENDOGENOUS FFAs
Poor aqueous solubility of FFAs, together with the requirement
for relatively high concentrations (μM) to fully deﬁne FFA1 and
GPR120concentrationresponserelationships(Briscoeetal.,2003;
Itohetal.,2003;Hirasawaetal.,2005),presentspracticalproblems
in in vitro signaling assays. Solubility can be aided by inclusion of
solvents such as DMSO, but the solvent concentration required
often leads to non-speciﬁc effects and cellular toxicity. Alterna-
tively fatty acid free bovine serum albumin (BSA) can be included
in the assay buffer, which replicates its role as a fatty acid carrier
protein in plasma. While improving solubility, this has a disad-
vantage in reducing the availability of FFAs and thus the observed
potencyinstimulatingFFA1orGPR120signaling(Itohetal.,2003;
Hirasawaetal.,2005;Stoddartetal.,2007).Theafﬁnityof BSAfor
saturated and unsaturated FFAs differs, which may also generate
indirect differences in FFA GPCR activity. Consequently apparent
changes in potency for FFA at their cognate receptors could be
duetoacomplexrelationshipbetweenafﬁnitydifferencesforBSA
and the receptor. If BSA is included its potential ability to bind
synthetic ligands under investigation must also be considered.
More widely, the high lipophilicity of most current FFA GPCR
drugs can lead to problematic pharmacokinetic properties when
taking these compounds forward in vivo.H o w e v e rar e c e n ti n v e s -
tigation has shown for one FFA1 agonist series, this issue can be
addressedbyreducinglipophilicitywhilstretaininginvitroactivity
(Christiansen et al., 2011).
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A second consideration for in vitro assays is the likelihood that
long chain FFAs are present in most standard serum-containing
cellculturemedia,andmayalsobeproducedendogenouslybythe
cell lines themselves. This tone may inﬂuence FFA GPCR expres-
sion (e.g., in transfected cells) and signaling behavior in the long
term,andpotentiallytheassayactivityof“competing”exogenously
addedligands.Thedemonstrationthat“constitutive”(i.e.,agonist-
independent) activity of FFA1 in fact derives from endogenous
FFA stimulation provides a notable illustration of this problem
(Stoddartetal.,2007).Sucheffectscanbeminimizedbytheuseof
inducible expressing cell lines, the addition of fatty acid free BSA
as a sink for endogenous FFAs (Stoddart et al.,2007) or dialysis of
cell culture serum.
HYDROPHOBIC FFA RECEPTOR BINDING SITES
The FFA carboxylate anion is essential for endogenous agonist
activityatFFA1andGPR120,withcorrespondingFFAestersbeing
inactive (Itoh et al., 2003; Hirasawa et al., 2005). This negative
charge is a shared characteristic of most synthetic agonists, and
may be substituted in TZD derivatives by the 2,4-dione moiety
(Figure2).Mutagenesisstudieshaveidentiﬁedco-ordinatingbasic
residues at the top of transmembrane domains V (Arg 183) and
VII (Arg 258) essential for FFA1 activation by FFAs,GW9508,and
TZDs (Sum et al., 2007; Smith et al., 2009). An equivalent amino
acid in upper transmembrane domain II of GPR120 (Arg 99) has
also been suggested (Suzuki et al., 2008; Figure 1). The location
of these residues suggests that for both receptors, the lipophilic
portions of endogenous FFAs and synthetic agonists extend into a
hydrophobic binding pocket within the transmembrane domain
bundle(seemodelingstudiesSumetal.,2007andSunetal.,2010).
Some additional contacts (His98, His137, Asn244), present only
in FFA1 (Figure1),have been suggested to contribute to GW9508
binding (Sum et al., 2007; Tikhonova et al., 2007), and this may
provide one explanation for its selectivity over GPR120 (∼100-
fold)asanagonist.Howeveramorerecentinvestigationquestions
whether His137 and Asn244 mutations are speciﬁc for particular
FFA agonists (Smith et al.,2009). Such discrepancies highlight the
problems of interpreting the effects of binding mutations from
FFA1 functional assays (see Determining Ligand Afﬁnity at FFA1
and GPR120 and Functional Assessment of FFA1 and GPR120
Pharmacology below), which may represent convolved inﬂuences
onligandafﬁnity,efﬁcacy,orindeedageneralabilityofreceptorsto
undergo conformational change to an active state. Thus the over-
all agonist binding pocket is rather ill deﬁned for both receptors
in molecular terms, other than knowledge of the ligand size (e.g.,
chain length) required to occupy it. Its reliance on hydrophobic
contacts presents potential challenges for generating high afﬁnity
selective ligands that distinguish FFA1 from GPR120,or indeed as
the dual activity of TZDs demonstrates,from similar binding sites
in PPAR receptors.
As an alternative it may be preferable to consider the devel-
opment of allosteric modulators for these receptors as a strategy.
Such compounds use alternative binding sites to inﬂuence recep-
tor activity in the presence or absence of the endogenous ligand.
They are released from the structural constraints imposed by the
orthosteric site, and because allosteric binding pockets are recep-
tor speciﬁc, they may also offer improved selectivity (May et al.,
2007; Smith and Milligan, 2010). Such compounds have been
already identiﬁed for short chain FFA receptor FFA2 (Lee et al.,
2008; Smith and Milligan, 2010; Smith et al., 2011). A recent
US patent ﬁled by Amgen Inc (Brown et al., 2010) suggests that
similar allosteric ligands may also have the potential to impact
the biology and future drug development possibilities for FFA1
receptors.
DETERMINING LIGAND AFFINITY AT FFA1 AND GPR120
The moderate (high nM–μM) perceived afﬁnity of FFA recep-
tor ligands, their lipophilic nature, and potential lack of tar-
get selectivity, have all impeded the development of successful
probes for radioligand binding assays – the staple screening assay
for pharmacologists to estimate compound afﬁnity, in terms of
its equilibrium dissociation constant Kd, and thus build basic
structure activity relationships (SARs). There is one published
radioligandbindingreport(usingatritiatedligandfromtheTAK-
875 compound series; Negoro et al., 2010), which together with
Amgen patent information (Brown et al., 2010) indicates that
FFA1 binding assays may be achievable with the right probe. In
our hands the high level of non-speciﬁc binding present with
radiolabeled lipophilic ligands presents a key challenge (Brown et
al.,unpublishedobservations).Twootherbindingtechniqueshave
developedenhancedspeciﬁcityfortheligand–receptorinteraction
under study. Bartoschek et al. (2010) generated FFAR1 binding
datafromsaturationtransferdifference 1Hnuclearmagneticreso-
nance(NMR)measurements,inwhichNMRspectraareobtained
only when ligands bind a macromolecular complex, such as a
receptor protein. They showed that this method allowed estima-
tionofagonistIC50 valuesfromcompetitionbindingexperiments,
which displayed close correspondence with functional potencies.
Second a ﬂow cytometry based assay used the ﬂuorescent FFA
BODIPY-C12 as a binding probe to immunoprecipitated FFA1
(Haraetal.,2009a).TZDsandGW9508(withlowerthanexpected
afﬁnity) were able to displace BODIPY-C12 binding speciﬁcally.
Asamorewidespreadscreeningassayitislikelythatthisapproach
would still require improvements in the ratio of speciﬁc to non-
speciﬁc binding, and conﬁrmation that FFAs bound the inside,
rather than the exterior of the solubilized FFA1 protein. However
this study does highlight the opportunities for using ﬂuorescent
FFAGPCRligandsinfuture,perhapsimprovingthespeciﬁcityfor
thedetectionof ligand–receptorinteractionusingtechniquessuch
as TR-FRET (Zwier et al., 2010).
In the absence of robust binding techniques, an alternative
approach,employedforGPR120,hasbeentomodelbindinginter-
actions in silico by molecular docking simulations (Sun et al.,
2010). The success of such homology modeling depends on the
structural match between the crystal template (in this case, of
bovine rhodopsin) and the receptor under study,in the conﬁrma-
tion required (e.g., agonist active state). Differences between the
limited crystal structures available for closely related rhodopsin-
like GPCRs suggests that this relationship cannot always be guar-
anteed (Kobilka, 2011). Nevertheless, Sun et al. (2010) were able
to use homology modeling to predict the binding energies and
SAR of a novel compound series of GPR120 agonists – predic-
tionswhichwereborneoutbyfunctionalmeasurementsofagonist
activity.
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FUNCTIONAL ASSESSMENT OF FFA1 AND GPR120 PHARMACOLOGY
PharmacologicalanalysisofFFAreceptorsmustcurrentlydowith-
out direct assessments of ligand afﬁnity, but a wide range of
functional signaling assays is possible in cells, as for other GPCRs
(see overview in Figure 3). Consideration should ﬁrst be given to
the species variant of FFA receptor under investigation and the
impact this may have on ligand pharmacology. For example the
twosplicevariantsof humanGPR120havealreadybeendiscussed
above (GPR120 agonists–am u l t ip r o n g e dattack on type 2 dia-
betes?),and it is currently unknown whether the longer isoform is
present in other primates or rodents (Tanaka et al., 2008b; Moore
et al., 2009). Initial investigations derived similar agonist phar-
macology for human, rat, and mouse FFA1 receptors (Itoh et al.,
2003). However heterologous expression of mouse FFA1 in Xeno-
pus oocytes suggests that this species variant is also responsive to
short and medium chain FFAs (greater than C4; Stewart et al.,
2006). Potentially this might imply unique features for the mouse
FFA1 orthosteric binding site. Thus far, synthetic agonist phar-
macology derived from murine cell lines (e.g., insulin secreting
MIN-6 cells, incretin secreting STC-1 cells; Hirasawa et al., 2005;
Katsuma et al., 2005; Briscoe et al., 2006)o rin vivo models has
provided broadly consistent with human receptor data.
Functional assays provide SAR data for agonists in terms of
their potency (e.g., pEC50 values) and maximal responses (Emax).
Itshouldbenotedthattheseareempiricalparametersthatdepend
both on the afﬁnity and efﬁcacy of the agonist ligands, together
with assay dependent parameters such receptor density and the
extent of signal ampliﬁcation at the endpoint measured. Null
methods (e.g., Schild analysis) do provide opportunities to esti-
mate antagonist dissociation constants, and determine whether
their mode of binding is competitive and reversible – for exam-
ple for GW1100 (Briscoe et al., 2006) .H o w e v e ri ti ss t i l lm o r e
FIGURE 3 | Summary of functional assays available to investigate FFA
G protein coupled receptor pharmacology in cell lines.The indirect
approaches to assessing ligand binding indicated here are discussed
further in Section “Determining Ligand Afﬁnity at FFA1 and GPR120.”
Several signaling endpoints related to the G protein (FFA1, GPR120) or
β-arrestin pathways (GPR120) can be measured using the example assays
in italics (see text, Functional Assessment of FFA1 and GPR120
Pharmacology) culminating in assessment of function at the cellular level.
Example data from our own laboratory illustrates (i) calcium responses in
HEK293 cells expressing human GPR40 and stimulated with the C18:2
FFA linoleic acid, and (ii) internalization of human GPR120S–YFP receptors
(green), following vehicle or oleic acid treatment, also in transfected
HEK293 cells. In the image panels nuclei are counterstained with the dye
H33342 (blue).
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common to quote inhibitory IC50 values for antagonists, which
will also depend on the agonist concentration and the assay sys-
tem chosen (Briscoe et al.,2006; Hu et al.,2009; Humphries et al.,
2009).
GTPγ35S binding assays have been successfully employed to
investigate FFA1 pharmacology, with the proviso that receptor-
Gq/11α fusion proteins and immunoprecipitation of the GTPγ35S
bound complexes are required to enhance the signal (Stoddart
et al., 2007; Smith et al., 2009). This technique has two distinct
advantages for assessing pharmacology. Measurement is at the
ﬁrst stage of the receptor signaling pathway (activation of the G
protein), resulting in less signal ampliﬁcation and a better dis-
crimination, through changes in Rmax, of agonists with differing
efﬁcacy. Second ligands are allowed to bind in a pre-incubation
before G protein activation is assessed by addition of GTPγ35S,
and ensures equilibrium conditions in competition experiments,
for example when assessing antagonist or allosteric modulator
function (Stoddart et al.,2007).
BothFFA1andGPR120coupletocalciummobilization,allow-
ing routine high throughput assessment of function through
ﬂuorescence based measurements of intracellular calcium con-
centration (Briscoe et al., 2003, 2006; Itoh et al., 2003; Hirasawa
et al.,2005;Sun et al.,2010). It should be borne in mind that these
are non-equilibrium kinetic assays and thus they can be inﬂu-
enced by the rates of ligand association and dissociation (which
can be slow for FFAs),as well as agonist afﬁnity and efﬁcacy. Early
investigations using human GPR120 reported that calcium mobi-
lization required fusion to a promiscuous G16α (Hirasawa et al.,
2005)orchimericGqi5αprotein(Maetal.,2010),orhighefﬁciency
viral transfection (Briscoe et al., 2006), but in retrospect this may
be a particular consequence of reduced G protein coupling efﬁ-
ciency of the long, compared to the short isoform (Tanaka et al.,
2008b;Mooreetal.,2009;Watsonetal.,inpreparation).Responses
assessed via ERK stimulation (Itoh et al., 2003; Hirasawa et al.,
2005;Smith et al.,2009)o rr e po rt e rg e n eacti va ti o n( Briscoeetal.,
2003,2006)shouldalsobefeasiblegiventhecurrentunderstanding
of effector coupling of these receptors.
Given the speciﬁc involvement of the β-arrestin signaling
pathway in GPR120 anti-inﬂammatory responses, inclusion of
related readouts may be advisable. Alternative β-arrestin recruit-
ment assays measure interaction between modiﬁed receptor and
arrestinproteinsusingbioluminescenceresonanceenergytransfer
(BRET),proteasebasedsystems(Tango,InvitrogenLifeTechnolo-
gies, Grand Island, NY, USA) or β-galactosidase based comple-
mentation assay (DiscoverX, Fremont, CA, USA). Direct analy-
sis of β-arrestin-GFP translocation or downstream receptor-GFP
internalization is also possible (Hirasawa et al., 2005; Oh et al.,
2010). Increasingly it is recognized that dual assessment of both
G protein and β-arrestin dependent responses has the potential
to reveal functionally selective ligands that discriminate between
these pathways (Rajagopal et al., 2010). Our own data (Watson et
al., in preparation), based on quantitative imaging assessment of
arrestin recruitment and internalization (Kilpatrick et al., 2010),
indicates that both GPR120 isoforms, but not FFA1, engage this
pathway effectively.
Finally measurements of function in cells (e.g., insulin, or
incretinhormonesecretion;Itohetal.,2003;Hirasawaetal.,2005;
Briscoe et al., 2006) allow closer correspondence with the physio-
logicalactionsexpectedinsubsequentinvivo assays,forparticular
ligands. This is exempliﬁed by recent patent data supporting a
role for GPR120 small molecule agonists in glucose-stimulated
insulin secretion in isolated rat islets (Ma et al., 2010). Within
this category label free technologies, such as dynamic mass redis-
tribution (DMR), also offer sensitive measurements that can be
applied to endogenous receptors in living cell lines or primary
cells, without modiﬁcation by labeling reagents or reporter trans-
fections – and in a high throughput 384 well plate format. DMR
technology uses an optical biosensor that measures the perpen-
dicular movement of cellular constituents. It directs broadband
light into the bottom of the plate, and ligand induced movement
of cellular contents results in a shift in the wavelength of the light
that is directed back into the sensor (Fang et al., 2006). This shift
in wavelength is measured,and in the case of GPCRs,gives a read-
out that is thought to be dependent upon the G protein coupling
of the receptor in question (Schröder et al., 2010). Schröder et al.
(2010) demonstrated the use of DMR to determine agonist phar-
macologyandGq/11 couplingsignatureof FFA1,andotherstudies
havenowcharacterizednovelFFA1agonists(TUG424,conjugated
linoleic acid isomers) by this technique (Christiansen et al., 2008;
Schmidt et al., 2011). We have shown that this system is also
applicabletostudyGPR120activation(Watsonetal.,unpublished
observations).
CONCLUSION
FFA1 and GPR120 have emerged as receptors with key roles to
play in the sensing of circulating and intestinal long chain FFAs
in pancreatic β-cells, intestinal endocrine cells and elsewhere.
In vitro and animal model data highlight a unique potential
for co-ordinated beneﬁts of synthetic ligands at these receptors,
by counteracting multiple inﬂammatory and metabolic factors
contributing to the development of type 2 diabetes. Promising
initial data suggests that FFA1 agonists may be effective in man,
and we await similar human studies, predicted from the recent
patent applications, which examine GPR120 agonists. There is
some uncertainty over the long term effects of FFA1 and GPR120
signaling, and this still leaves open the best choice of therapeu-
tic ligand – agonist or antagonist. As drug targets, the lipophilic
orthosteric binding sites of FFA1 and GPR120 present challenges
for developing high afﬁnity, selective orthosteric ligands, using
the functional assays currently available. However future drug
discovery at these receptors will be aided by expanding knowl-
edge of receptor structure and the advent of novel ﬂuorescent
ligand binding approaches. Perhaps there will also be possibilities
for improved ligand speciﬁcity at these receptors, using allosteric
modulatorsor“biased”ligandswhichfunctionallyselectparticular
FFA signaling pathways.
ACKNOWLEDGMENTS
We would like to thank Dr. Leigh Stoddart for constructive
comments on the manuscript. Sarah-Jane Watson is a postgrad-
uate student sponsored by the UK Engineering and Physical
Sciences Research Council, and work in NDHs laboratory on
FFA receptors has been funded by the Royal Society UK and
AstraZeneca.
www.frontiersin.org January 2012 | Volume 2 | Article 112 | 9Holliday et al. FFA1 and GPR120 receptor drug discovery
REFERENCES
Alquier, T., Peyot, M. L., Latour, M. G.,
Kebede, M., Sorensen, C. M., Gesta,
S., Ronald Kahn, C., Smith, R. D.,
Jetton, T. L., Metz, T. O., Prentki,
M., and Poitout,V. (2009). Deletion
of GPR40 impairs glucose-induced
insulin secretion in vivo in mice
without affecting intracellular fuel
metabolism in islets. Diabetes 58,
2607–2615.
Arakawa, K., Nishimura, T., Sugimoto,
Y., Takahashi, H., and Shimamura,
T. (2010). Novel isoindolin-1-one
derivative. International Patent WO
2010/104195.
Bartoschek,S.,Klabunde,T.,Defossa,E.,
Dietrich,V.,Stengelin,S.,Griesinger,
C., Carlomagno, T., Focken, I.,
and Wendt, K. U. (2010). Drug
design for G-protein-coupled recep-
torsbyaligand-basedNMRmethod.
Angew. Chem. Int. Ed. Engl. 49,
1426–1429.
Boden, G., and Shulman, G. I. (2002).
Free fatty acids in obesity and type
2 diabetes: deﬁning their role in the
development of insulin resistance
and β-cell dysfunction. Eur. J. Clin.
Invest. 32(Suppl. 3), 14–23.
Briscoe, C. P., Peat, A. J., Mckeown, S.
C.,Corbett,D.F.,Goetz,A.S.,Little-
ton, T. R., Mccoy, D. C., Kenakin, T.
P.,Andrews,J. L.,Ammala,C.,Forn-
wald, J. A., Ignar, D. M., and Jenkin-
son,S. (2006). Pharmacological reg-
ulation of insulin secretion in MIN6
cells through the fatty acid recep-
tor GPR40: identiﬁcation of agonist
and antagonist small molecules. Br.
J. Pharmacol. 148, 619–628.
Briscoe,C.P.,Tadayyon,M.,Andrews,J.
L., Benson, W. G., Chambers, J. K.,
Eilert, M. M., Ellis, C., Elshourbagy,
N. A., Goetz, A. S., Minnick, D.
T., Murdock, P. R., Sauls, H. R. Jr.,
Shabon, U., Spinage, L. D., Strum,
J. C., Szekeres, P. G., Tan, K. B.,
Way, J. M., Ignar, D. M., Wilson, S.,
and Muir, A. I. (2003). The orphan
G protein-coupled receptor GPR40
is activated by medium and long
chain fatty acids. J. Biol. Chem. 278,
11303–11311.
Brown, S. P., Dransﬁeld, P. J., Heuze,
J., Kohn, T. J., Liu, J., Med-
ina, J., Pateropomg, V., Shen, W.,
Vimolratana, M., Wang, Y., Lu,
M., and Zhu, L. (2010). Confor-
mationally constrained carboxylic
acid derivatives useful for treat-
ing metabolic disorders. US Patent
2010/0298367A1.
Burns, R. N., and Moniri, N. H.
(2010). Agonism with the omega-
3 fatty acids alpha-linolenic acid
and docosahexaenoic acid mediates
phosphorylation of both the short
and long isoforms of the human
GPR120 receptor. Biochem. Biophys.
Res. Commun. 396, 1030–1035.
Calder, P. C. (2008). The relationship
between the fatty acid composition
of immune cells and their function.
Prostaglandins Leukot. Essent. Fatty
Acids 79, 101–108
Cartoni, C., Yasumatsu, K., Ohkuri, T.,
Shigemura,N.,Yoshida,R.,Godinot,
N., Le Coutre, J., Ninomiya, Y.,
and Damak, S. (2010). Taste prefer-
ence for fatty acids is mediated by
GPR40 and GPR120. J. Neurosci. 30,
8376–8382.
Christiansen, E., Urban, C., Grund-
mann, M., Due-Hansen, M. E.,
Hagesaether, E., Schmidt, J., Pardo,
L., Ullrich, S., Kostenis, E., Kassack,
M. U., and Ulven, T. (2011). Identi-
ﬁcationof apotentandselectivefree
fatty acid receptor 1 (FFA1/GPR40)
agonistwithfavorablephysicochem-
icalandinvitroADMEproperties.J.
Med. Chem. 54, 6691–6703.
Christiansen, E., Urban, C., Merten,
N., Liebscher, K., Karlsen, K. K.,
Hamacher, A., Spinrath, A., Bond,
A. D., Drewke, C., Ullrich, S., Kas-
sack, M. U., Kostenis, E., and Ulven,
T. (2008). Discovery of potent and
selective agonists for the free fatty
acid receptor 1 (FFA(1)/GPR40), a
potential target for the treatment of
type II diabetes. J. Med. Chem. 51,
7061–7064.
Cornish, J., MacGibbon, A., Lin, J. M.,
Watson, M., Callon, K. E., Tong, P.
C., Dunford, J. E., van der Does, Y.,
Williams,G.A.,Grey,A.B.,Naot,D.,
and Reid, I. R. (2008). Modulation
of osteoclastogenesis by fatty acids.
Endocrinology 149, 5688–5695.
Delhanty, P. J., van Kerkwijk, A., Huis-
man, M., van de Zande, B.,Verhoef-
Post, M., Gauna, C., Hoﬂand,
L., Themmen, A. P., and van
der Lely, A. J. (2010). Unsatu-
rated fatty acids prevent desen-
sitization of the human growth
hormone secretagogue receptor by
blocking its internalization. Am.
J. Physiol. Endocrinol. Metab. 299,
E497–E505.
Dhayal, S., Welters, H. J., and Morgan,
N. G. (2008). Structural require-
ments for the cytoprotective actions
of mono-unsaturated fatty acids
in the pancreatic beta-cell line,
BRIN-BD11. Br. J. Pharmacol. 153,
1718–1727.
Dramane, G., Akpona, S., Simonin, A.
M., Besnard, P., and Khan, N. A.
(2011). Cell signaling mechanisms
ofgustatoryperceptionoflipids:can
the taste cells be the target of anti-
obesityagents?Curr.Med.Chem.18,
3417–3422.
Edfalk, S., Steneberg, P., and Edlund,
H. (2008). Gpr40 is expressed in
enteroendocrine cells and mediates
freefattyacidstimulationof incretin
secretion. Diabetes 57, 2280–2287.
Fang, Y., Ferrie, A. M., Fontaine, N.
H., Mauro, J., and Balakrishnan, J.
(2006). Resonant waveguide grat-
ing biosensor for living cell sensing.
Biophys. J. 91, 1925–1940.
Flodgren, E., Olde, B., Meidute-
Abaraviciene, S., Winzell, M. S.,
Ahren, B., and Salehi, A. (2007).
GPR40isexpressedinglucagonpro-
ducing cells and affects glucagon
secretion. Biochem. Biophys. Res.
Commun. 354, 240–245.
Fredriksson, R., Hoglund, P. J., Glo-
riam, D. E., Lagerstrom, M. C.,
and Schioth, H. B. (2003). Seven
evolutionarily conserved human
rhodopsinGprotein-coupledrecep-
tors lacking close relatives. FEBS
Lett. 554, 381–388.
Gardner,O. S.,Dewar,B. J.,and Graves,
L.M.(2005).Activationof mitogen-
activated protein kinases by perox-
isome proliferator-activated recep-
tor ligands: an example of nonge-
nomicsignaling.Mol.Pharmacol.68,
933–941.
Garrido,D.M.,Corbett,D.F.,Dwornik,
K. A., Goetz, A. S., Littleton, T. R.,
Mckeown, S. C., Mills, W. Y., Smal-
ley, T. L. Jr., Briscoe, C. P., and Peat,
A. J. (2006). Synthesis and activ-
ity of small molecule GPR40 ago-
nists. Bioorg. Med. Chem. Lett. 16,
1840–1845.
Gawrisch, K., Soubias, O., and
Mihailescu, M. (2008). Insights
from biophysical studies on the
role of polyunsaturated fatty acids
for function of G-protein coupled
membrane receptors. Prostaglandins
Leukot. Essent. Fatty Acids 79,
131–134.
Gotoh, C., Hong, Y. H., Iga, T.,
Hishikawa, D., Suzuki, Y., Song, S.
H.,Choi,K.C.,Adachi,T.,Hirasawa,
A., Tsujimoto, G., Sasaki, S., and
Roh, S. G. (2007). The regulation
of adipogenesis through GPR120.
Biochem. Biophys. Res. Commun.
354, 591–597.
Hara, T., Hirasawa, A., Sun, Q.,
Koshimizu, T. A., Itsubo, C.,
Sadakane, K., Awaji, T., and
Tsujimoto, G. (2009a). Flow
cytometry-based binding assay
for GPR40 (FFAR1; free fatty acid
receptor 1). Mol. Pharmacol. 75,
85–91.
Hara, T., Hirasawa, A., Sun, Q.,
Sadakane, K., Itsubo, C., Iga,
T., Adachi, T., Koshimizu, T. A.,
Hashimoto,T.,Asakawa,Y.,andTsu-
jimoto, G. (2009b). Novel selective
ligands for free fatty acid recep-
tors GPR120 and GPR40. Naunyn
SchmiedebergsArch. Pharmacol. 380,
247–255.
Hashimoto, N., Sasaki, Y., Nakama,
C., and Ishikawa, M. (2010). Novel
phenyl-isoxazol-3-ol derivative. US
Patent 2010/0130559.
Herling, A. W., Defossa, E., Haschke,
G., Dietrich, V., Stengelin, S., Keil,
S., Dudda, A., Wagner, M., Ruus, P.,
and Ruetten,H. (2011).“Pharmaco-
logical activation of GPR40 reduces
increased blood glucose levels by
modulated insulin secretion in a
glucose-dependent manner,” in 71st
American Diabetes Association Meet-
ing (Poster Presentation),Sa nDi eg o ,
CA, 0452–PP.
Hirasawa, A., Tsumaya, K., Awaji, T.,
Katsuma, S., Adachi, T., Yamada,
M., Sugimoto, Y., Miyazaki, S., and
Tsujimoto, G. (2005). Free fatty
acidsregulategutincretinglucagon-
like peptide-1 secretion through
GPR120. Nat. Med. 11, 90–94.
Hu, H., He, L.Y., Gong, Z., Li, N., Lu,Y.
N., Zhai, Q. W., Liu, H., Jiang, H. L.,
Zhu, W. L., and Wang, H. Y. (2009).
A novel class of antagonists for the
FFAsreceptorGPR40.Biochem.Bio-
phys. Res. Commun. 390, 557–563.
Hudson, B. D., Smith, N., and Milligan,
G. (2011). Experimental challenges
to targeting poorly characterized
GPCRs: uncovering the therapeutic
potential for free fatty acid receptors
Adv. Pharmacol. 62, 175–218.
Humphries, P. S., Benbow, J. W., Bonin,
P. D., Boyer, D., Doran, S. D.,
Frisbie, R. K., Piotrowski, D. W.,
Balan, G., Bechle, B. M., Conn,
E. L., Dirico, K. J., Oliver, R. M.,
Soeller, W. C., Southers, J. A., and
Yang, X. (2009). Synthesis and SAR
of 1,2,3,4-tetrahydroisoquinolin-
1-ones as novel G-protein-coupled
receptor 40 (GPR40) antagonists.
Bioorg. Med. Chem. Lett. 19,
2400–2403.
Ichimura, A., Hirasawa, A., Hara, T.,
and Tsujimoto, G. (2009). Free fatty
acid receptors act as nutrient sen-
sors to regulate energy homeostasis.
Prostaglandins Other Lipid Mediat.
89, 82–88.
Itoh, Y., Kawamata, Y., Harada, M.,
Kobayashi, M., Fujii, R., Fukusumi,
S., Ogi, K., Hosoya, M., Tanaka, Y.,
Uejima, H., Tanaka, H., Maruyama,
M., Satoh, R., Okubo, S., Kizawa,
H., Komatsu, H., Matsumura, F.,
Noguchi,Y., Shinohara, T., Hinuma,
S., Fujisawa, Y., and Fujino, M.
(2003). Free fatty acids regulate
insulin secretion from pancreatic
beta cells through GPR40. Nature
422, 173–176.
Frontiers in Endocrinology | Molecular and Structural Endocrinology January 2012 | Volume 2 | Article 112 | 10Holliday et al. FFA1 and GPR120 receptor drug discovery
Jagannath, M. M., Somesh, B. P.,
Venkataranganna, M. R., Anup, O.,
Anilkumar, D., Verma, M. K., Sang-
hamitra, B., Bhawna, C., Mano-
jkumar, S., Sowmya, R., Jayalak-
shmi, S., and Sunil, V. (2011).
“CNX-011-67, a novel orally avail-
able GPR40 agonist, enhances glu-
cose stimulated insulin secretion
and signiﬁcantly reduces fasting and
non-fasting hyperglycemia – studies
in vitro and in vivo in a preclini-
cal model of type 2 diabetes,”in 71st
American Diabetes Association Meet-
ing (Poster Presentation),S a nD i e g o ,
CA, 0031–LB.
Katsuma, S., Hatae, N., Yano, T., Ruike,
Y., Kimura, M., Hirasawa, A., and
Tsujimoto, G. (2005). Free fatty
acids inhibit serum deprivation-
induced apoptosis through GPR120
in a murine enteroendocrine cell
line STC-1. J. Biol. Chem. 280,
19507–19515.
Kebede, M., Alquier, T., Latour, M.
G., Semache, M., Tremblay, C.,
and Poitout, V. (2008). The fatty
acid receptor GPR40 plays a role
in insulin secretion in vivo after
high-fat feeding. Diabetes 57,
2432–2437.
Kilpatrick, L. E., Briddon, S. J., Hill,
S. J., and Holliday, N. D. (2010).
Quantitative analysis of neuropep-
tideYreceptorassociationwithbeta-
arrestin2 measured by bimolecular
ﬂuorescencecomplementation.Br.J.
Pharmacol. 160, 892–906.
Kobilka, B. K. (2011). Structural
insights into adrenergic receptor
function and pharmacology. Trends
Pharmacol. Sci. 32, 213–218.
Kotarsky, K., Nilsson, N. E., Flodgren,
E., Owman, C., and Olde, B. (2003).
A human cell surface receptor
activated by free fatty acids and
thiazolidinedione drugs. Biochem.
Biophys. Res. Commun. 301,
406–410.
Lan, H., Hoos, L. M., Liu, L., Tet-
zloff, G., Hu, W., Abbondanzo, S.
J., Vassileva, G., Gustafson, E. L.,
Hedrick, J. A., and Davis, H. R.
(2008). Lack of FFAR1/GPR40 does
not protect mice from high-fat diet-
induced metabolic disease. Diabetes
57, 2999–3006.
Latour, M. G., Alquier, T., Oseid, E.,
Tremblay, C., Jetton, T. L., Luo, J.,
Lin, D. C., and Poitout, V. (2007).
GPR40 is necessary but not sufﬁ-
cient for fatty acid stimulation of
insulinsecretioninvivo.Diabetes 56,
1087–1094.
Lee, T., Schwandner, R., Swaminath, G.,
Weiszmann, J., Cardozo, M., Green-
berg, J., Jaeckel, P., Ge, H., Wang,
Y., Jiao, X., Liu, J., Kayser, F., Tian,
H., and Li, Y. (2008). Identiﬁca-
tion and functional characteriza-
tion of allosteric agonists for the G
protein-coupledreceptorFFA2.Mol.
Pharmacol. 74, 1599–1609.
Liou,A.P.,Lu,X.,Sei,Y.,Zhao,X.,Pech-
hold, S., Carrero, R. J., Raybould,
H. E., and Wank, S. (2011). The
G-protein-coupled receptor GPR40
directly mediates long-chain fatty
acid-induced secretion of chole-
cystokinin. Gastroenterology 140,
903–912.
Ma,D.,Tao,B.,Warashina,S.,Kotani,S.,
Lu, L., Kaplamadzhiev, D. B., Mori,
Y., Tonchev, A. B., and Yamashima,
T. (2007). Expression of free fatty
acid receptor GPR40 in the central
nervous system of adult monkeys.
Neurosci. Res. 58, 394–401.
Ma,J.,Novack,A.,Nashashibi,I.,Pham,
P., Rabbat, C. J., Song, J., Shi, D. F.,
Zhao, Z., Choi, Y. J., and Chen, X.
(2010). Aryl GPR120 receptor ago-
nists and uses thereof. International
Patent WO 2010/048207.
Matsumura, S., Eguchi, A., Mizushige,
T., Kitabayashi, N., Tsuzuki, S.,
Inoue, K., and Fushiki, T. (2009).
Colocalization of GPR120 with
phospholipase-Cbeta2 and alpha-
gustducin in the taste bud cells in
mice. Neurosci. Lett. 450, 186–190.
May, L. T., Leach, K., Sexton, P. M., and
Christopoulos, A. (2007). Allosteric
modulation of G protein-coupled
receptors. Annu. Rev. Pharmacol.
Toxicol. 47, 1–51.
Miyauchi, S., Hirasawa, A., Iga, T., Liu,
N., Itsubo, C., Sadakane, K., Hara,
T., and Tsujimoto, G. (2009). Dis-
tribution and regulation of pro-
tein expression of the free fatty
acid receptor GPR120. Naunyn
SchmiedebergsArch. Pharmacol. 379,
427–434.
Moore, K., Zhang, Q., Murgolo, N.,
Hosted, T., and Duffy, R. (2009).
Cloning, expression, and pharma-
cological characterization of the
GPR120freefattyacidreceptorfrom
cynomolgus monkey: comparison
withhumanGPR120splicevariants.
Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 154, 419–426.
Nagasumi, K., Esaki, R., Iwachidow, K.,
Yasuhara, Y., Ogi, K., Tanaka, H.,
Nakata,M.,Yano,T.,Shimakawa,K.,
Taketomi, S., Takeuchi, K., Odaka,
H., and Kaisho, Y. (2009). Over-
expression of GPR40 in pancre-
atic {beta}-cells augments glucose
stimulated insulin secretion and
improves glucose tolerance in nor-
mal and diabetic mice. Diabetes 58,
1067–1076.
Naik, H., Vakilynejad, M., Wu, J.,
Viswanathan, P., Dote, N., Higuchi,
T., and Leifke, E. (2011). Safety,
tolerability, pharmacokinetics,
and pharmacodynamic properties
of the GPR40 agonist TAK-875:
results from a double-blind,
placebo-controlled single oral dose
rising study in healthy volunteers.
J. Clin. Pharmacol. (in press).
doi:10.1177/0091270011409230
Negoro, N., Sasaki, S., Mikami, S., Ito,
M., Suzuki, M., Tsujihata, Y., Ito, R.,
Harada,A.,Takeuchi,K.,Suzuki,N.,
Miyazaki, J., Santou, T., Odani, T.,
Kanzaki,N.,Funami,M.,Tanaka,T.,
Kogame, A., Matsunaga, S., Yasuma,
T., and Momose, Y. (2010). Dis-
covery of TAK-875: a potent, selec-
tive, and orally bioavailable GPR40
agonist. ACS Med. Chem. Lett. 1,
290–294.
Ogawa, T., Hirose, H., Miyashita, K.,
Saito, I., and Saruta, T. (2005).
GPR40 gene Arg211His polymor-
phism may contribute to the varia-
tion of insulin secretory capacity in
Japanese men. Metab. Clin. Exp. 54,
296–299.
Ogden, C. L., Carroll, M. D., Curtin, L.
R.,Mcdowell,M.A.,Tabak,C.J.,and
Flegal, K. M. (2006). Prevalence of
overweightandobesityintheUnited
States,1999-2004.J.Am.Med.Assoc.
295, 1549–1555.
Oh, D. Y., Talukdar, S., Bae, E. J., Ima-
mura, T., Morinaga, H., Fan, W., Li,
P., Lu, W. J., Watkins, S. M., and
Olefsky, J. M. (2010). GPR120 is an
omega-3 fatty acid receptor medi-
ating potent anti-inﬂammatory and
insulin-sensitizing effects. Cell 142,
687–698.
Overington, J. P., Al-Lazikani, B., and
Hopkins, A. L. (2006). How many
drugtargetsarethere?Nat.Rev.Drug
Discov. 5, 993–996.
Pin, J. P., Neubig, R., Bouvier, M., Devi,
L., Filizola, M., Javitch, J. A., Lohse,
M. J., Milligan, G., Palczewski, K.,
Parmentier, M., and Spedding, M.
(2007).InternationalUnionof Basic
and Clinical Pharmacology. LXVII.
Recommendations for the recogni-
tionandnomenclatureof Gprotein-
coupled receptor heteromultimers.
Pharmacol. Rev. 59, 5–13.
Rajagopal, S., Rajagopal, K., and
Lefkowitz,R. J. (2010). Teaching old
receptors new tricks: biasing seven-
transmembrane receptors. Nat. Rev.
Drug Discov. 9, 373–386.
Rennie, K. L., and Jebb, S. A. (2005).
Prevalence of obesity in great
Britain. Obes. Rev. 6, 11–12.
Sasaki, S., Kitamura, S., Negoro, N.,
Suzuki, M., Tsujihata,Y., Suzuki, N.,
Santou, T., Kanzaki, N., Harada, M.,
Tanaka, Y., Kobayashi, M., Tada, N.,
Funami, M., Tanaka, T., Yamamoto,
Y., Fukatsu, K., Yasuma, T., and
Momose, Y. (2011). Design, synthe-
sis, and biological activity of potent
and orally available G protein-
coupledreceptor40agonists.J.Med.
Chem. 54, 1365–1378.
Schmidt, J., Liebscher, K., Merten,
N., Grundmann, M., Mielenz, M.,
Sauerwein, H., Christiansen, E.,
Due-Hansen, M. E., Ulven, T., Ull-
rich, S., Gomeza, J., Drewke, C.,
and Kostenis, E. (2011). Conju-
gated linoleic acids mediate insulin
release through islet G protein-
coupled receptor FFA1/GPR40. J.
Biol. Chem. 286, 11890–11894.
Schröder, R., Janssen, N., Schmidt, J.,
Kebig, A., Merten, N., Hennen, S.,
Muller, A., Blattermann, S., Mohr-
Andra, M., Zahn, S., Wenzel, J.,
Smith, N. J., Gomeza, J., Drewke, C.,
Milligan,G.,Mohr,K.,and Kostenis,
E. (2010). Deconvolution of com-
plexGprotein-coupledreceptorsig-
naling in live cells using dynamic
mass redistribution measurements.
Nat. Biotechnol. 28, 943–949.
Serhan,C. N.,Krishnamoorthy,S.,Rec-
chiuti, A., and Chiang, N. (2011).
Novel anti-inﬂammatory – pro-
resolving mediators and their recep-
tors. Curr. Top. Med. Chem. 11,
629–647.
Smith, N. J., and Milligan, G. (2010).
Allostery at G protein-coupled
receptor homo- and heteromers:
uncharted pharmacological land-
scapes.Pharmacol.Rev.62,701–725.
Smith, N. J., Stoddart, L. A., Devine,
N. M., Jenkins, L., and Milligan, G.
(2009). The action and mode of
bindingof thiazolidinedioneligands
at free fatty acid receptor 1. J. Biol.
Chem. 284, 17527–17539.
Smith, N. J., Ward, R. J., Stoddart,
L. A., Hudson, B. D., Kostenis, E.,
Ulven, T., Morris, J. C., Trankle,
C., Tikhonova, I. G., Adams, D.
R., and Milligan, G. (2011). Extra-
cellular loop 2 of the free fatty
acid receptor 2 mediates allosterism
of a phenylacetamide ago-allosteric
modulator. Mol. Pharmacol. 80,
163–173.
Steneberg, P., Rubins, N., Bartoov-
Shifman, R., Walker, M. D., and
Edlund, H. (2005). The FFA recep-
tor GPR40 links hyperinsulinemia,
hepatic steatosis, and impaired glu-
cose homeostasis in mouse. Cell
Metab. 1, 245–258.
Stewart, G., Hira, T., Higgins, A.,
Smith, C. P., and Mclaughlin, J.
T. (2006). Mouse GPR40 heterolo-
gously expressed in Xenopus oocytes
is activated by short-,medium-,and
long-chainfattyacids.Am.J.Physiol.
Cell Physiol. 290, C785–C792.
www.frontiersin.org January 2012 | Volume 2 | Article 112 | 11Holliday et al. FFA1 and GPR120 receptor drug discovery
Stoddart, L. A., Brown, A. J., and Milli-
gan,G.(2007).Uncoveringthephar-
macology of the G protein-coupled
receptor GPR40:high apparent con-
stitutive activity in guanosine 5 -
O-(3-[35S]thio)triphosphate bind-
ing studies reﬂects binding of an
endogenous agonist. Mol. Pharma-
col. 71, 994–1005.
Stoddart, L. A., Smith, N. J., and Milli-
gan, G. (2008). International Union
of Pharmacology. LXXI. Free fatty
acid receptors FFA1, -2, and -3:
pharmacology and pathophysiolog-
ical functions. Pharmacol. Rev. 60,
405–417.
Sum,C. S.,Tikhonova,I. G.,Neumann,
S., Engel, S., Raaka, B. M., Costanzi,
S., and Gershengorn, M. C. (2007).
Identiﬁcation of residues important
for agonist recognition and activa-
tion in GPR40. J. Biol. Chem. 282,
29248–29255.
Sun,Q.,Hirasawa,A.,Hara,T.,Kimura,
I.,Adachi, T.,Awaji, T., Ishiguro, M.,
Suzuki, T., Miyata, N., and Tsuji-
moto, G. (2010). Structure-activity
relationships of GPR120 agonists
based on a docking simulation. Mol.
Pharmacol. 78, 804–810.
Suzuki, T., Igari, S., Hirasawa, A., Hata,
M., Ishiguro, M., Fujieda, H., Itoh,
Y., Hirano, T., Nakagawa, H., Ogura,
M., Makishima, M., Tsujimoto, G.,
and Miyata, N. (2008). Identiﬁca-
tion of G protein-coupled recep-
tor 120-selective agonists derived
from PPARgamma agonists. J. Med.
Chem. 51, 7640–7644.
Talukdar,S.,Olefsky,J. M.,and Osborn,
O. (2011). Targeting GPR120 and
other fatty acid-sensing GPCRs
ameliorates insulin resistance and
inﬂammatory diseases. Trends Phar-
macol. Sci. 32, 543–550.
Tan, C. P., Feng, Y., Zhou, Y. P., Eier-
mann, G. J., Petrov, A., Zhou, C.,
Lin, S., Salituro, G., Meinke, P.,
Mosley, R., Akiyama, T. E., Ein-
stein, M., Kumar, S., Berger, J. P.,
Mills, S. G., Thornberry, N. A.,
Yang, L., and Howard, A. D. (2008).
Selective small-molecule agonists
of G protein-coupled receptor 40
promote glucose-dependent insulin
secretion and reduce blood glucose
in mice. Diabetes 57, 2211–2219.
Tanaka, T., Katsuma, S., Adachi, T.,
Koshimizu, T. A., Hirasawa, A.,
and Tsujimoto, G. (2008a). Free
fatty acids induce cholecystokinin
secretion through GPR120. Naunyn
SchmiedebergsArch. Pharmacol. 377,
523–527.
Tanaka, T., Yano, T., Adachi, T.,
Koshimizu, T. A., Hirasawa, A., and
Tsujimoto, G. (2008b). Cloning and
characterization of the rat free fatty
acid receptor GPR120: in vivo effect
ofthenaturalligandonGLP-1secre-
tion and proliferation of pancreatic
beta cells. Naunyn Schmiedebergs
Arch. Pharmacol. 377, 515–522.
Tikhonova, I. G., Sum, C. S., Neu-
mann, S., Thomas, C. J., Raaka, B.
M., Costanzi, S., and Gershengorn,
M. C. (2007). Bidirectional, itera-
tiveapproachtothestructuraldelin-
eation of the functional “chemo-
print”inGPR40foragonistrecogni-
tion. J. Med. Chem. 50, 2981–2989.
Tomita, T., Masuzaki, H., Iwakura, H.,
Fujikura, J., Noguchi, M., Tanaka,
T., Ebihara, K., Kawamura, J.,
Komoto,I.,Kawaguchi,Y.,Fujimoto,
K., Doi, R., Shimada, Y., Hosoda,
K., Imamura, M., and Nakao, K.
(2006). Expression of the gene
for a membrane-bound fatty acid
receptor in the pancreas and islet
cell tumours in humans: evidence
for GPR40 expression in pancre-
atic beta cells and implications for
insulin secretion. Diabetologia 49,
962–968.
Tomita, T., Masuzaki, H., Noguchi, M.,
Iwakura, H., Fujikura, J., Tanaka,
T., Ebihara, K., Kawamura, J.,
Komoto,I.,Kawaguchi,Y.,Fujimoto,
K., Doi, R., Shimada, Y., Hosoda,
K., Imamura, M., and Nakao, K.
(2005). GPR40 gene expression in
human pancreas and insulinoma.
Biochem. Biophys. Res. Commun.
338, 1788–1790.
Tsujihata, Y., Ito, R., Suzuki, M.,
Harada, A., Negoro, N., Yasuma,
T., Momose, Y., and Takeuchi, K.
(2011). TAK-875, an orally avail-
able G protein-coupled receptor
40/free fatty acid receptor 1 agonist,
enhances glucose-dependent insulin
secretion and improves both post-
prandial and fasting hyperglycemia
in type 2 diabetic rats. J. Pharmacol.
Exp. Ther. 339, 228–237.
Varga, T., Czimmerer, Z., and Nagy,
L. (2011). PPARs are a unique set
of fatty acid regulated transcription
factorscontrollingbothlipidmetab-
olism and inﬂammation. Biochim.
Biophys. Acta 1812, 1007–1022.
Vettor, R., Granzotto, M., De Ste-
fani, D., Trevellin, E., Rossato, M.,
Farina, M. G., Milan, G., Pilon,
C., Nigro, A., Federspil, G., Vigneri,
R., Vitiello, L., Rizzuto, R., Baratta,
R., and Frittitta, L. (2008). Loss-
of-function mutation of the GPR40
gene associates with abnormal stim-
ulated insulin secretion by acting
on intracellular calcium mobiliza-
tion. J. Clin. Endocrinol. Metab. 93,
3541–3550.
Viswanathan, P., Marcinak, J., Cao,
C., Xie, B., Vakilynejad, M., and
Leifke, E. (2011). A randomized,
double-blind, placebo- and active-
controlled, dose-ranging study to
determine the efﬁcacy and safety of
the novel GPR40 agonist TAK-875
in subjects with T2DM. Presented
at 71st American Diabetes Associa-
tion meeting (oral presentation 0134-
LBOR),San Diego,CA.
Wild,S.,Roglic,G.,Green,A.,Sicree,R.,
and King, H. (2004). Global preva-
lence of diabetes – estimates for the
year 2000 and projections for 2030.
Diabetes Care 27, 1047–1053.
Wu, P., Yang, L., and Shen, X. (2010).
The relationship between GPR40
and lipotoxicity of the pancreatic
beta-cells as well as the effect of
pioglitazone. Biochem. Biophys. Res.
Commun. 403, 36–39.
Yaney, G. C., and Corkey, B. E. (2003).
Fatty acid metabolism and insulin
secretion in pancreatic beta cells.
Diabetologia 46, 1297–1312.
Zhang, X., Yan, G., Li, Y., Zhu, W.,
and Wang, H. (2010). DC260126,
a small-molecule antagonist of
GPR40, improves insulin tolerance
but not glucose tolerance in obese
Zucker rats. Biomed. Pharmacother.
64, 647–651.
Zhou, C., Tang, C., Chang, E., Ge, M.,
Lin, S., Cline, E., Tan, C. P., Feng,
Y., Zhou, Y. P., Eiermann, G. J.,
Petrov, A., Salituro, G., Meinke, P.,
Mosley, R., Akiyama, T. E., Einstein,
M., Kumar, S., Berger, J., Howard,
A. D., Thornberry, N., Mills, S. G.,
and Yang, L. (2010). Discovery of
5-aryloxy-2,4-thiazolidinediones as
potentGPR40agonists.Bioorg.Med.
Chem. Lett. 20, 1298–1301.
Zwier, J. M., Roux, T., Cottet, M., Dur-
roux,T.,Douzon,S.,Bdioui,S.,Gre-
gor, N., Bourrier, E., Oueslati, N.,
Nicolas, L., Tinel, N., Boisseau, C.,
Yverneau,P.,Charrier-Savournin,F.,
Fink, M., and Trinquet, E. (2010). A
ﬂuorescent ligand-binding alterna-
tive using Tag-lite(R) technology. J.
Biomol. Screen 15, 1248–1259.
Conﬂict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or ﬁnancial relationships that
could be construed as a potential con-
ﬂict of interest.
Received: 12 September 2011; paper
pending published: 12 November 2011;
accepted: 15 December 2011; published
online: 03 January 2012.
Citation: Holliday ND, Watson S-J
and Brown AJH (2012) Drug discovery
opportunities and challenges at G pro-
tein coupled receptors for long chain free
fatty acids. Front. Endocrin. 2:112. doi:
10.3389/fendo.2011.00112
This article was submitted to Frontiers in
Molecular and Structural Endocrinology,
a specialty of Frontiers in Endocrinology.
Copyright © 2012 Holliday, Watson and
Brown. This is an open-access article
distributed under the terms of the Cre-
ative Commons Attribution Non Com-
mercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided the
original authors and source are credited.
Frontiers in Endocrinology | Molecular and Structural Endocrinology January 2012 | Volume 2 | Article 112 | 12